The precise relationship between olfactory transduction sensitivity and sensitivity at the level of sensory perception is poorly understood. The goal of this work was to correlate neurophysiological measures of sensory transduction and psychophysical measures of salient odor perception using the moth (Manduca sexta). Moths were conditioned to respond to a single monomolecular odor and then tested across a dilution series. Resulting concentration-response functions were dependent on the conditioning odor and its concentration but not on the moth's sex. Comparison of responsiveness to odor versus an odorless blank provided a statistical indicator of detection threshold. Separate control experiments revealed that conditioned responsiveness to odor was a function of test concentration and independent of the conditioning concentration. Next, electroantennogram (EAG) responses to these odorants and concentrations were recorded. EAG responses were highly correlated with the behavioral results but typically identified lower detection thresholds. Furthermore, significant effects of sex, Sex ϫ Odor, and Sex ϫ Odor ϫ Concentration were observed only within the EAG data, suggesting a mismatch across methods. Possible reasons for and implications of this mismatch are discussed.
Odor plumes are highly dynamic in their spatiotemporal structure (Koehl et al., 2001) . Therefore, as an organism moves through an odor plume, the interaction of odorant molecules with the organism's sensory array produces a highly variable input signal (Vickers, Christensen, Baker, & Hildebrand, 2001) . In other words, at repeated encounters, the concentration of a given odorant will be highly variable. Thus, if organisms are to successfully exploit olfactory cues within this highly variable environment, olfactory processing systems, which encode identity, must detect and discriminate among a myriad of odorants and odor blends while maintaining some level of odor-object constancy across a broad range of intensities.
It has been proposed that olfactory systems of both vertebrates and invertebrates detect odors on the basis of the interaction of specific molecular features, or odotopes, of odorant molecules with relatively few types of olfactory receptor neurons (ORNs; Buck & Axel, 1991; Galizia, Sachse, Rappert, & Menzel, 1999; Hildebrand, 1996; Johnson, Woo, & Leon, 1998; Rubin & Katz, 1999; Shepherd, 1987; Vosshall, Wong, & Axel, 2000) . At the first synaptic relay, the insect antennal lobe (AL) and the vertebrate olfactory bulb (OB), input from the sensory epithelium produces a distinct spatial combination of glomerular activation (Cinelli, Hamilton, & Kauer, 1995; Joerges, Kuttner, Galizia, & Menzel, 1997; Shepherd, 1991) , which is correlated with an animal's ability to discriminate (Linster et al., 2001 ). However, it has also been shown that changing stimulus concentration can elicit substantive changes in these spatial representations, including glomerular recruitment and loss (Galizia, Sachse, & Mustaparta, 2000; Skiri, Galizia, & Mustaparta, 2004) .
The findings by Galizia et al. (2000) suggest a number of possibilities. Changing spatial patterns of glomerular activation may generate categorical shifts in sensory processing (Ma & Shepherd, 2000) , which in turn may lead to categorical shifts in perception of a given odorant's identity (Gross-Isseroff & Lancet, 1988) . This implies that if perceptual shifts were common, then they would limit the animal's ability to maintain odor identity across a range of concentrations, at least at the level of sensory perception. Alternatively, these changes in spatial activation patterns could equate to changes in the amount of information available to the animal. Thus, at relatively high concentrations, spatial patterns are more overlapped and involve a greater percentage of the AL. Under these conditions, there might be more information available to the animal from which to produce a more unique percept of the given odor stimulus. Consistent with this hypothesis, Guerrieri, Schubert, Sandoz, & Giurfa (2005) demonstrated in a study, which was matched to Sachse et al.'s (1999) study, that as spatial patterns increased, so, too, did the animal's ability to discriminate odor. Implicit in this hypothesis, however, is that spatially overlapped representations require a temporal component to the encoding process to account for fine odor discrimination (e.g., Daly, Wright, & Smith, 2004; Stopfer, Bhagavan, Smith, & Laurent, 1997) .
At lower concentrations, the animal may only perceive the presence of an odor stimulus without being able to identify the odorant or discriminate it from other odorants. Furthermore, low concentrations may in fact produce antennal and AL responses that are below the perceptual threshold and hence of no biological relevance. However, there are no studies that quantify the relationship between neural processing of olfactory stimuli and behavioral measures that indicate whether the animal can actually perceive the stimulus and respond to it.
Therefore, we designed matched behavioral and neurophysiological experiments to define stimulus detection thresholds and changes in responsiveness as a function of stimulus concentration at both the level of sensory input and perception. The current work uses the moth Manduca sexta, which is a favorable comparative model system because, like the honeybee, it readily learns odorfood relationships in a Pavlovian olfactory conditioning paradigm (Daly, Chandra, Durtschi, & Smith, 2001; Daly & Smith, 2000) and because odors have been shown to be relevant to adult feeding and reproductive behaviors in field studies (Raguso & Willis, 2002) . In addition, this model system has an AL that is highly analogous to the vertebrate OB (Hildebrand & Shepherd, 1997) and is readily amenable to a number of neurophysiological interventions that allow detailed anatomical and statistical analysis of stimulus-dependent neural population responses (e.g., Daly et al., 2004) .
It has recently been proposed that olfactory learning studies can be used to understand psychophysical functions, such as detection, in invertebrates (Skiri, Stranden, Sandoz, Menzel, & Mustaparta, 2005) . The present study represents a first attempt to quantify odor detection at both psychophysical and neurophysiological levels and correlate these measures.
Experiment 1: Odorant Detection Thresholds as Determined by Conditioned Behavioral Responses
In Experiment 1, a Pavlovian-based olfactory conditioning paradigm was used to condition moths using the highest possible stimulus concentrations followed by testing across a dilution series. The primary goal was to establish the lowest concentration at which moths first start to respond to odors with a conditioned response (CR); this is our behaviorally defined detection threshold.
Previous studies of olfactory learning and memory in the honeybee demonstrated that as the concentration of a stimulus was lowered, its salience (i.e., its perceived intensity) was lowered (Pelz, Gerber, & Menzel, 1997; Skiri et al., 2005; . The perceptual salience of a given stimulus is a key factor that directly influences the rate of learning (Rescorla & Wagner, 1972) . Hence, as concentration is lowered, salience is lowered and learning is hampered; this, in turn, biases threshold measures to be higher.
Secondarily, we wanted to establish a function for each odorant that described the change in responsiveness as concentration increased; this is the concentration-response function. For this experiment, we reasoned that if stimulus concentrations were high during conditioning, then the salience, or perceived intensity, of the stimulus would be maximized, thereby minimizing the effect of low stimulus salience on olfactory learning (Pelz et al., 1997; Rescorla & Wagner, 1972; .
Method
Subjects. In this and all subsequent experiments, male and female moths (Manduca sexta) were received from Arizona Research Labs Division of Neurobiology (Tucson, AZ) as Stage 16 -18 pupae. Upon arrival at West Virginia University, individual pupae were put into brown paper bags and placed into an incubator (Model I-66VL; Percival, Perry, IA) under a 16:8-hr reverse lightdark cycle with a constant temperature of 24 o C and 75% relative humidity. Pupae were checked daily at the start of the dark cycle, and bags containing newly eclosed adults were dated. All adults were held for a mean of 4.3 days posteclosion without food or water prior to experimental use. In all cases, roughly equal numbers of males and females were used.
Stimulus delivery. The conditioning stage consisted of custom-made odor delivery and odor evacuation venting systems. Animals were placed onto the threshold of the 11 cm 3 conditioning and testing stage with a 10-cm i.d. exhaust vent located in the back. The vent provided a steady stream of air, which flowed at a rate of 0.2-0.3 m/s. Airflow was measured by a hotwire anemometer (Fisherbrand Traceable Hot Wire Anemometer/Thermometer; Fisher Scientific, Hampton, NH).
Odorant cartridges were fashioned from stock borosilicate glass tubing (6-mm i.d.) cut to a length of approximately 7 cm. ColeParmer nylon lure fittings were inserted into either end of the glass tube, creating an internal volume of approximately 1.5 ml. Given this cartridge size, a flow rate of 250 ml/min, and assuming no mixing, the air volume of the odorant cartridge was estimated to be replaced every 0.36 s. Prepared odor cartridges were placed approximately 10 cm upwind and aimed directly at the moth's head. This distance from the cartridge to the moth ensured adequate dispersion over the entire antennae, which was confirmed using "liquid smoke" (titanium-tetrachloride; Sigma Aldrich, St. Louis, MO).
Airflow through the odorant cartridge, as well as conditioned stimulus (CS)-unconditioned stimulus (US) timing, was controlled by a programmable logic chip (PLC; Model DL05; Automation Direct, Cumming, GA). Filtered air was supplied via a central air line. Output from the central air line was passed through a 500-cc (Model 26800; Drierite, Xenia, OH) desiccation cartridge to extract moisture and then passed through a 500-cc custom-built activated charcoal filter (granular 20 -60 mesh; Sigma Aldrich, St. Louis, MO) to remove any organic volatiles, which would represent potential odorant contaminants. Output from the filter array then passed through a flow meter (Model EW-03217-14; ColeParmer, Vernon Hills, IL), which was set to 250 ml/min, and into a three-way valve (Model LFA1200118H; the Lee Company, Southfield, MO), which was controlled by the PLC. Normally, clean air flowed into one port on the three-way valve and then immediately out a second port. When the valve was activated, the clean air was shunted to the third port, which was connected via 1.5-mm i.d. tubing (Tygon; Cole-Parmer, Vernon Hills, IL) to the odorant cartridge. The contents of the cartridge were then ejected downwind across the stage, over the moth, and into the exhaust vent.
Six odorants were used in the current study: racemic linalool (LOL), cis-nerolidol (NER), cis-3-hexenyl propionate (ZHP), methyl salicylate (MES), 2-hexanone (HEX), and 2-octanone (OCT); their sources, purity, and initial dilutions in mineral oil are listed in Table 1 . The first four were selected on the basis of prior evidence suggesting that these are possibly female-specific hostplant volatiles (Fraser, Mechaber, & Hildebrand, 2003; Shields & Hildebrand, 2001 ). The final two odorants were selected on the basis of their successful use in prior olfactory learning experiments (Daly, Chandra, et al., 2001; Daly & Smith, 2000) . All odorants were at least 97% pure.
Inserted into each cartridge was a piece of Whatman No. 3 white filter paper. Odorants were placed onto the filter paper prior to use. A four log step range of concentrations was established (0.5 ng/l, 5 ng/l, 50 ng/l, 0.5 g/l, and 5 g/l) by dilution in mineral oil. All initial dilutions were based on odorant density. When conditioning or testing with these concentrations, a ϳ2 l aliquot was placed on the strip of filter paper and inserted into the odorant cartridge. This produced a final concentration series, which was based on the total deposition of 10 ng to 10 g of odorant per cartridge. Finally, in cases where moths were to be conditioned or tested with high concentrations, a 3-l aliquot of neat (undiluted) odorant was used.
Moth preparation and conditioning. Moths were prepared as previously described in Daly and Smith's (2000) study. Briefly, individual moths were placed in a 12-mm i.d. tube and restrained. The proboscis was extended and threaded into a 4-cm long 1.5-mm i.d. Tygon surgical tubing. This tubing was then attached with soft wax to the tube containing the moth. A Teflon-coated silver wire electrode was placed into the right side of the head capsule, such that the electrode made contact with the pharyngeal dilator muscle (Eaton, 1971 ) and a reference electrode placed in the contralateral eye. The pharyngeal dilator is one of many feeding-related muscles whose activity can be recorded using electromyography (EMG) to provide a robust indication of feeding responses to the conditioning odor (CS), nonconditioning test odors (CS t ), and the US. The prepared moths were then plugged onto a plastic base that held the preparation upright. The base contained a second plug that allowed for connection of the electrode leads to an amplifier (Model DAM 50; World Precision Instruments, Sarasota, FL) . This provided the capacity for rapid sequential swapping of many moths onto a conditioning and testing stage using only a single channel amplifier. Finally, the amplified EMG signal was fed to a speaker and an oscilloscope (Model TDS 3014B; Tektronics, Richardson, TX) to provide both auditory and visual indicators of feeding behavior.
The specific Pavlovian-based olfactory conditioning protocols described here have been established in this model and are detailed elsewhere (see Daly & Smith, 2000) . Briefly, to establish behavioral measures of detection thresholds, a forward-paired conditioning protocol was used. Naive moths were conditioned and tested in one of six groups (n ϭ 60 per group) and experienced only one of the six odorants; all groups were collected concurrently. Each moth was presented with a 4-s CS using neat odorant. Three seconds into CS delivery, the US, a 5-l droplet 0.75 M sucrose solution, was applied to the partially extended proboscis via a syringe (Gilmont GS 1100; Cole-Parmer, Vernon Hills, IL). US delivery was also 4 s in duration. This basic CS-US pairing was repeated six times in 6-min intervals. Following conditioning, moths were left in the tubes and returned to the incubator until testing and retesting at 24 hr and 48 hr postconditioning, respectively. Because high concentrations were used for conditioning, this minimum 24 hr postconditioning eliminated any concerns about sensory adaptation-fatigue (Dalton, 2000) .
During testing, a CR to the odorant was recorded if the subject exhibited increased feeding muscle activity, as measured by an audible (speaker) or visual (oscilloscope) increase in EMG activity within 7 s of CS onset. This method correlates highly with direct measures of CS-driven increases in EMG spike rate (Daly & Smith, 2000) . Data were recorded as 0 for no response and 1 for a response. Prior to testing with the dilution series, moths were first presented with a blank stimulus to assess baseline responsiveness to nonolfactory cues that might be associated with the puffing of air; this provided a comparative control for all nonolfactory responses. Next, moths were presented with test odorant stimuli at the concentrations described above. Test stimuli were always delivered sequentially from lowest to highest to minimize possible extinction (Daly & Smith, 2000) and adaptation effects (Dalton, 2000) . In all cases, the same odorant used in conditioning was used in testing.
Analysis. During the conditioning phase of the experiment, a CR was recorded during the 3 s starting at CS onset and ending at US onset. Data were coded as 0 and 1 for no CR and CR, respectively. These data were averaged across trials as an indicator of learning and to assess the relative difference in CR probability for the different odors. Analysis of variance (ANOVA) was used to assess the main effect of odor on CR probability, and Tukey's honestly significant difference (HSD) post hoc test was used to identify specific odor-dependent differences in mean CR probability. Note. Dilutions are expressed as microliters mineral oil:microliters odorant.
Data collected during testing were analyzed using a mixed ANOVA design, which was implemented using the general linear modeling (GLM) procedure in SAS (SAS Institute, Inc., Cary, NC) to analyze variation in conditioned feeding response (again 0 and 1 for no CR and CR, respectively) as a function of the sex of the moth (male, female) and odor (HEX, LOL, MES, NER, OCT, and ZHP). These were all treated as categorical variables. Stimulus concentration was also used to explain variation in CR probability. Preliminary analysis of the effects of testing on successive days revealed no significant differences between days (results not shown), and hence results were averaged for the final analysis. The key variable for these experiments was concentration, which was modeled as both a categorical and a continuous variable to assess whether concentration was a linear (or rather log-linear) or nonlinear variable. That is, if response probability is a curvilinear function of concentration, for example, then treating it as categorical would yield a better overall model fit than would treating it as a continuous variable. This preliminary assessment indicated an overall 30% increase in fit (as indicated by the model R 2 ) when treating concentration as a categorical variable; hence, all results are based on concentration modeled as such. Finally, the above three variables (sex, odor, and concentration) were treated as fixed effects. The final variable, which assessed within-moth variation, was random and furthermore nested within sex and odor, thus producing an overall mixed factorial design.
The GLM included all possible two-and three-way interactions, and a significance threshold for individual effects was set at p Ͻ .01. All Tukey's HSD post hoc analyses were set with an overall p Ͻ .05. Curvilinear regression functions were calculated in Microsoft Excel to estimate population mean concentration-response functions. For this analysis, asymptotic functions, created using third-order polynomials of CR probability, were used to calculate each regression line. For comparative purposes, linear, logistic, Weibull (e.g., Linschoten, Harvey, Eller, & Jafek, 2001) , and second-order polynomial functions were also applied and R 2 values were compared as a measure of fit. The third-order polynomials produced the best general fit for all odorants and hence are used in the figures below, although Weibull functions also fit comparably well in most cases. Figure 1A displays the mean responsiveness to each conditioning odor during conditioning and is averaged across conditioning trials. An ANOVA revealed a significant difference in CR probability as a function of differences in odorant, F(5, 2184) ϭ 2.06, p Ͻ .01. The mean response probability across odors ranged between 0.18 (NER) and 0.31 (OCT), indicating learning in all groups. However, post hoc analysis of the effect of odor indicated that only OCT produced a significantly higher CR probability relative to HEX, MES, and NER (see Figure 1A) ; there were no other significant differences. Overall, it should be noted that CR probability in the present study was considerably lower than what we have typically reported during the conditioning phase, even for odorants we commonly use, such as HEX and OCT (Daly, Chandra, et al., 2001; Daly & Smith, 2000) . Our experience is that this is due to the relatively young age of the moths used herein.
Results
The overall model explaining variation in CR probability during the posttest phase was significant, F(1714, 1462) ϭ 2.06, p Ͻ .0001. The main effect of sex was not significant, F(1, 277) ϭ 7.03, p ϭ .36, indicating that males and females respond to the odorants equally. The main effect of odor was significant, F(4, 277) ϭ 63.16, p Ͻ .0001, as was the main effect of concentration, F(4, 277) ϭ 216.92, p Ͻ .0001. Post hoc analysis of the main effect of odor indicated that moths were most responsive to ZHP and relatively less responsive to MES and NER relative to HEX, LOL, and OCT (see Figure 1B) . It is interesting to note that this pattern did not correspond well with the mean CR probability to odors during acquisition (see Figure 1A) . Finally, our concentration series was based on the density of the odors and not their volatility. Although this is not uncommon, the main effect of odor could be explained simply by the volatility of the odorants. To test this hypothesis, we entered the vapor pressure of each odor into the analysis in an effort to explain the odor effect. The effect of volatility was significant, F(1, 4087) ϭ 163.63, p Ͻ .0001. However, after accounting for the volatility of odor, the significance of the main effect of odor was unaffected, indicating that volatility alone could not exclusively account for the odor-dependent differences in CR probability. The correlation between the mean CR probability and volatility was .68, however, suggesting that volatility was a strong influence on behavioral responses and was likely the key contributor to the odor-dependent effect.
Not surprisingly, post hoc comparison of mean CR probability as a function of concentration indicated that as concentration increased, CR probabilities increased in a stepwise fashion (see Figure 1C ). The main effect of concentration was, however, odor specific, as indicated by the significant Odor ϫ Concentration interaction, F(20, 1378) ϭ 6.25, p Ͻ .0001. Figure 2 shows that CR probability increased as a function of concentration across all odorants, but each odorant produced a different curvilinear function as modeled by third-order polynomials. This indicates that there were odor-dependent differences in the rate of increase in CR probability. The odor-and concentration-dependent difference in rate of increase in CR probability also resulted in odor-specific differences in both detection thresholds and peak CR probabilities at the highest concentrations (see Figure 2 ). For example, across all concentrations tested, HEX, OCT, and ZHP achieved a maximum CR probability greater than 0.60 whereas MES and LOL produced a maximum of 0.50 and 0.45, respectively; NER elicited a maximum CR probability of only 0.24. Of interest, maximum response probability did not strictly correspond to mean CR probability by odor during conditioning (see Figure 1A) or testing (see Figure 1B) . Furthermore, post hoc comparison of the CR elicited by the airpuff control with the CR probability elicited at each stepwise increase in concentration indicated that detection threshold was odor dependent (identified by an asterisk inset for each odorant in Figure 2) . Results of this analysis indicated that moths were most sensitive to LOL, as indicated by a significant increase in responsiveness at 0.001 g, followed by HEX, OCT, and ZHP (0.01 g), MES (0.1 g), and NER (10 g).
Discussion
The results of Experiment 1 establish a method by which the sensitivity of moths to any given odorant can be psychophysically characterized as a function of stimulus concentration. However, the methodological approach used herein assumed that at the level of sensory perception, salience changes with concentration but the perception of odor identity generally does not. This method furthermore assumes that conditioning using high concentration does not influence the moths to respond more to higher concentrations than to lower concentrations. These assumptions have recently been challenged by Wright, Thomson, and Smith (2006) , who demonstrated that honeybees would generalize more to test concentrations that were closest to the concentration used for conditioning. If true of our model system, then this would suggest that at least some of the concentration-dependent increase in CR probability could be attributable to the fact that they were conditioned using high concentrations. This concentration generalization hypothesis can be characterized in this model by replicating their method.
Experiment 2: Response Functions Are Not Due to Concentration Generalization
This experiment sought to test the hypothesis that higher CR probability at higher stimulus concentrations (as observed in Experiment 1) was attributable to concentration generalization.
Method
Subjects and procedures. For this experiment, two groups of 30 moths (Manduca sexta) each were prepared and conditioned with either HEX or OCT, as described in Experiment 1 and using the same stimulus and testing equipment. In the current experiment, however, moths were conditioned at the behaviorally identified detection thresholds, as determined in Experiment 1. Moths were trained with 16 conditioning trials, as in Wright et al.'s (2006) study, to compensate for the negative effect of low salience Figure 1 . A: Mean response probability with standard error bars for each odor in response to air (open bars), the conditioning odor prior to reinforcement (light gray bars), and the averaged response for the acquisition phase of Experiment 1 (dark gray bars). Inset letters indicate results of significance tests between odors during acquisition only (dark gray bars). Significant differences between odors are indicated with different letters ( p Ͻ .01). Thus, 2-octanone (OCT) produced a significantly greater response than did 2-hexanone (HEX), methyl salicylate (MES), or cis-nerolidol (NER), but these latter three odors were not significantly different from cis-3-hexenyl propionate (ZHP) and linalool (LOL). B: Mean conditioned response probability with standard errors as a function of odor for the postconditioning testing phase of Experiment 1. The Odor ϫ Sex interaction was not significant in this experiment; however, it was in Experiment 3. Thus, we broke the main effect of odor down by sex for comparative purposes (see Figure 5A ). Inset letters indicate significant differences between odors averaged across sex; odors with significant differences are indicated by different letters. C: Mean conditioned response probability as a function of concentration. Though the interaction of sex and concentration was not significant, we again broke this main effect down by sex for comparison with Experiment 3, in which this interaction was significant (see Figure 5B ). Inset letters indicate significant differences between concentrations averaged across sex; concentrations with significant differences are indicated by different letters.
on learning (Rescorla & Wagner, 1972 ). Moths were then tested at this threshold concentration (low) and with neat odorant (high) at 24 hr and 48 hr. Finally, moths were tested with both low and high concentrations of HEX and OCT, irrespective of which odorant they were conditioned with. If moths generalize a CR to concentrations most like the conditioning concentration (concentration generalization), then they should respond less when tested with highly dissimilar concentrations. In this case, moths conditioned with the low concentration should respond less when tested with this odor or related odorants at the high concentrations.
Analysis. An ANOVA using the GLM procedure in SAS was used, as in Experiment 1, to analyze variation in CR probability as a function of the odorant (the CS vs. the CS t ), stimulus concentration, identification, and odorant used as the CS in the conditioning phase (CSO). Again, this was a mixed effects factorial design with ID nested within conditioning odor and moth sex. All possible two-and three-way interactions were entered into the model, and significance was set at p Ͻ .01. Tukey's HSD post hoc analysis was performed using SAS (overall p Ͻ .05) to assess differences between means of significant effects.
Results
Analysis of the control experiments designed to assess the contribution of concentration generalization on the concentration-response functions generated in Experiment 1 produced a statistically significant model, F(59, 230) ϭ 2.42, p Ͻ .0001, explaining 66% of the variance in CR probability. The effect of moth sex was not significant, F(1, 54) ϭ 0.31, p ϭ .58, indicating, as in Experiment 1, that males and females were equally responsive to odor stimulation. The effect of CSO was also nonsignificant, F(1, 54) ϭ 2.83, p ϭ .10, suggesting that moths were equally responsive to stimulation given conditioning with the two different odors. However, the effect of test stimulus (i.e., air blank, CS, or CS t ) was significant, F(2, 54) ϭ 21.43, p Ͻ .01. As revealed in Figure 3 , post hoc analysis indicated that moths responded significantly more to the CS than to the CS t . Furthermore, Figure 3 shows that moths responded roughly equally to the CS t and air, suggesting that conditioning at lower concentrations produces odorspecific learning. This result is in contrast to our previous experience with these odorants, which showed that moths generalize from a CS to closely related CS t s when conditioned with high concentrations . The interaction of odor, sex, and concentration was not significant, but is broken down here for comparison with Experiment 3, in which this interaction was significant. Error bars are standard errors. Concentrations range from 0 (blank) to 10 g/2 l. Inset regression lines are based on a third-order polynomial function to model increasing response probability as a function of concentration. Asterisks indicate the results of post hoc test for lowest concentration at which the mean conditioned response probability was statistically higher than that elicited by the blank (0); this analysis was based on the odordependent main effect of concentration. ZHP ϭ cis-3-hexenyl propionate; OCT ϭ 2-octanone; HEX ϭ 2-hexanone; LOL ϭ linalool; MES ϭ methyl salicylate; NER ϭ cis-nerolidol. ; this is likely the result of additional conditioning trials.
The main effect of concentration was also significant, F(1, 57) ϭ 8.12, p ϭ .01, indicating again that moths responded more to higher concentration than to lower concentration. The Concentration ϫ CSO interaction was nonsignificant, F(1, 57) ϭ 0.01, p ϭ .91, indicating that the concentration-dependent increase in CR probability was not dependent on the conditioning odor. However, there was a significant interaction of odor and concentration, F(1, 230) ϭ 15.61, p Ͻ .01. This effect is observable in Figure 3 as a concentration-dependent increase in CR probability only in the case of the CS and not the CS t .
Discussion
The behavioral approach we developed for Experiment 1 was to condition moths using an undiluted, or neat, solution of odorant. This method allowed characterization of detection thresholds and concentration-response functions while avoiding the problems associated with learning at lower concentrations, as previously described. This approach assumed that concentration generalization, the preferential generalization of conditioning at one concentration to test stimuli of similar concentrations, does not occur. Related to this, it was assumed that the moths' perception of the identity of the odorant is stable across a reasonably broad range of concentrations. Previous studies in honeybees have suggested that odorants are perceived as qualitatively different at different concentrations on the basis of a significant concentration generalization effect (Wright et al., 2006) , a finding contrary to other studies in this species (Pelz et al., 1997) . Our results clearly demonstrate that moths conditioned to low-concentration stimuli respond far more to higher concentrations than to the lower conditioning concentrations. This indicates that concentration generalization does not occur in this species using these methods. This finding also implicates stimulus salience, that is, the perceptual impact of a given stimulus, as the key factor in determining the probability of a CR and, indeed, whether a moth can learn an odor-food relationship in the first place (Skiri et al., 2005) .
Why the difference between honeybees and moths? We hypothesize that because honeybees typically learn position of flower patches from other bees and are diurnal, they likely use olfactory cues for close range assessment of floral quality. Moths, however, though possessing large eyes and being known to use visual cues in coordination with olfactory cues (Raguso & Willis, 2002) , nevertheless are nocturnal. Hence, moths likely rely on olfactory cues not only for close range assessment of floral quality but also for plume tracking to find odor sources, such as flowers or conspecifics, when out of visual range.
Experiment 3: Odorant Detection Thresholds Determined by Electroantennograms (EAGs)
The final goal was to characterize sensory input using EAGs to measure mass olfactory receptor neuron responses from whole antennae. Using matched dilutions and stimulation systems allows us to statistically assess the same effects as described in Experiment 1. These experiments also provide comparative data with which we can characterize the relationship between psychophysical and neurophysiological measures of sensory detection thresholds and concentration-response functions.
Method
Subjects and procedures. A total of 60 male and female antennae were excised at their base and ϳ3 mm of the apical tip of the antennae was dissected, thus exposing the antennal nerve on both ends. Antennae were then connected to electrodes via conductive gel. Signals were fed into a head stage and amplifier (Model IDAC2; Syntech, Hilversum, the Netherlands). Amplified EAG signals were then digitized and recorded on a PC using commercially available data acquisition and analysis software (EAG Pro.; Syntech, Hilversum, the Netherlands). This software was also used to calculate the maximum EAG deflection for later analysis in SAS.
For each of the six odorants, we recorded responses from a total of 5 male and 5 female antennae. Antennae were used for only one odorant and were taken from experimentally naive moths (Manduca sexta). Furthermore, only one antenna from each individual moth was used. In turn, each antenna was placed on the electrodes on the same stage and in the same position that the moths were placed in Experiments 1 and 2. Each odorant was presented, precisely as described in Experiment 1, at each concentration in the dilution series; however, in this case, changes in exhaust flow turbulence made it difficult to accurately hit the antenna with the narrow stream of odor in the absence of the moth and stand in the middle of the exhaust stage. However, pilot data established that the amplitude of the maximum EAG response was roughly equivalent between the two positions; the main difference we observed was whether an EAG response even occurred or whether the odor simply missed the antenna. Presentations were separated by 2 min to minimize adaptation effects. An air-only control was applied at the start and end of each concentration series to ensure that changes in EAG measures were not attributable to changing quality of the preparation. Air responses also Figure 3 . Mean conditioned response (CR) probability to air, low concentrations, and high concentrations as a function of treatment condition for Experiment 2. Error bars are standard errors. Inset letters indicate significant differences between bars with different letters. Note that when odor was treated as a test odorant only (CS t ) responses were not greater than that elicited by air. However, when odor was treated as the conditioned stimulus (CS) it elicited a greater response than did air. Furthermore, presentation of the CS at high concentration produced a far stronger response than did the concentration used for conditioning (low). provided a statistical baseline from which we could compare odor-driven responses in a manner matched to Experiments 1 and 2. The presentation of stimuli was again sequentially ordered from air to high to reduce the overall effect of sensory adaptation, which is more likely with higher concentrations; for this experiment, we also included stimulation with neat odorant. Finally, the odor presentation series was repeated in three blocks. For each block, new odorant cartridges were used. Thus, for each antenna we presented a total of 21 stimulations.
Analysis. For Experiment 3, the point of maximum EAG deflection was measured (in millivolts) from each recorded EAG response and used for statistical analysis. To allow easier comparison with the behavioral data, we transformed EAG deflections, which are negative changes in DC voltage, from negative values to positive values. A preliminary analysis of the EAG deflection indicated significant differences in the responses of different antennae to airpuffs ( p Ͻ .01). To correct for this nonodorant group effect, we corrected EAG responses to odor by subtracting each antenna's response to air from the responses to all other stimuli. All subsequent analyses were based on this transformed EAG response measure.
GLM was again used to assess the effects of sex, odor, and concentration on the maximum EAG response. In addition, we assessed the effect of repeated blocks of stimulus trials to identify potential changes in response magnitude as a function of sensory adaptation and/or senescence of the antenna preparation. As before, we examined the effect of concentration as both a categorical and a continuous variable. Again we observed an increase in model fit, in this case 7%, when it was treated as a categorical variable; hence, all results are based on concentration treated as categorical. All possible two-and three-way interactions were also modeled. The significance threshold was again set at p Ͻ .01, and post hoc analysis of significant effects used Tukey's HSD (overall p Ͻ .05).
Finally, we correlated mean CR probability from Experiment 1 results with mean EAG responses as a function of the effects of moth sex, test odorant, concentration, and their two-and three-way interactions. Correlation analysis was performed using a Pearson's correlation. Mean EAG deflection and CR probability as a function of these significant common effects of sex, odor, concentration, and their two-and three-way interactions were used in this analysis. Block and test day were excluded from this analysis because these variables were not present in both experiments.
Results
All 10-s peri-stimulus EAG traces were averaged by stimulus concentration and odor and are displayed in Figure 4 . Each panel includes the mean response to the blank (blue trace) with its standard error (in gray), as well as the mean responses from each step in the concentration series. Note that in all cases, the initial downward phase of the response terminates at the point of maximum deflection (inset arrows) and occurs at ϳ500 ms after stimulus onset. In all cases, increasing concentration generated increased EAG responses. As mentioned previously, there was a significant difference in maximum deflection elicited by the aironly blank for antennae within different odor groups. For example, the blank elicited more than twice the response magnitude in the HEX and MES groups (see Figures 4C and 4E ) relative to the ZHP group (see Figure 4A ). This difference is purely attributable to differences in individual antennae and cannot be the result of contamination, for example, because odor cartridges are located at the absolute end of the air delivery system and the blank was always presented first.
The overall model for Experiment 3, which sought to explain variance in the maximum EAG deflection, was significant, F(359, 720) ϭ 25.56, p Ͻ .01. This model accounted for 93% of the variance in the maximum EAG deflections.
Females were significantly more responsive to odor stimulation, F(1, 48) ϭ 5.42, p ϭ .02; this trend was evident but not significant in Experiment 1. EAG responses were also odor dependent, F(5, 48) ϭ 14.69, p Ͻ .01. In fact, the overall trend for responsiveness was largely the same as that observed in Experiment 1. Indeed, the correlation between maximum EAG deflection and CR probability as a function of odor was .88 (see Table 2 ), indicating a high correspondence between these two measures.
As in Experiment 1, the main effect of odor could be attributed to odor volatility. Thus, vapor pressure was again entered into the model and reanalyzed in an effort to explain the odor effect. The effect of volatility was significant, F(1, 1079) ϭ 13.22, p Ͻ .001. As in Experiment 1, after accounting for the vapor pressure of the odors, there were still significant odor-dependent effects. It is interesting to note that whereas the correlation between CR probability and volatility was .68, the correlation between volatility and EAG measures was only .41, suggesting that volatility was a moderate influence on EAG measures but still likely a key contributor to the odor-dependent effect.
The effect of concentration was also significant, F(5, 240) ϭ 480.21, p Ͻ .01, and post hoc analysis indicated that as stimulus concentration increased, the maximum EAG deflection increased in a stepwise fashion (see Figure 4) . These results correspond well to Experiment 1, as indicated by correlation of .98, again indicating a high correspondence between measures (see Table 2 ). Finally, the main effect of stimulus block, which assessed changes in the sensitivity of the antennae as a function of repeated trials (i.e., adaptation) and/or time produced a nonsignificant effect, F(2, 118) ϭ 2.21, p Ͻ .1138. The nonsignificant block effect indicates that the EAG measures were stable for the duration of the experiment. Thus, the isolated antennal preparation did not show effects of sensory adaptation or deterioration in quality across the duration of the experiment.
These main effects were, in several cases, dependent on a number of significant two-way interactions, some of which were not significant in Experiment 1. For example, there was a significant interaction between sex and odor, F(5, 48) ϭ 3.58, p ϭ .01. Figure 5A shows that, with one exception (ZHP), female antennae produced significantly greater EAG deflections than did male antennae. Separate analysis of EAG response to the blank as a function of sex indicated that females also produced a significantly larger EAG response to the blank, F(1, 178) ϭ 51.57, p Ͻ .01 ( Figure 5A inset) . Figure 5A thus indicates that sensory receptors in female antennae were more responsive to both mechanosensory (nonodorant) and odor stimulation. Although this trend was present in Experiment 1, it was not significant.
The interaction of sex and concentration was also significant, F(5, 240) ϭ 7.72, p Ͻ .01. Figure 5B shows the mean response to odorant at each concentration for males and females and indicates that the rate of increase in response magnitude for females was higher; this is evident as a steeper linear slope across concentration for females (see Figure 5B inset linear regression lines).
Finally, there was a significant Odor ϫ Concentration interaction, F(25, 240) ϭ 5.49, p Ͻ .01, indicating that the rate of increasing EAG response magnitude, as a function of concentration, was odor dependent. However, this significant two-way interaction was further dependent on moth sex, as indicated by a significant Sex ϫ Odor ϫ Concentration interaction, F(25, 720) ϭ 5.47, p Ͻ .01. Figure 6 shows the mean maximum EAG deflection for each odorant by concentration and sex. Note that for most odors, not only did females elicit a larger EAG response at lower concentrations (e.g., Figures 6B-6D ), but the mean magnitude of the difference in deflection between sexes typically increased with increasing concentration (e.g., Figures 6B, 6D, and 6F) . Only in the case of ZHP did EAG deflections show the reverse sex-specific pattern (see Figure 6A ).
Prior to subtraction of the blank response from odor responses for the above analysis, detection thresholds were estimated on the basis of replication of the above analysis and post hoc statistical comparisons of EAG response to odorant at each concentration versus the blank. This analysis was broken down by sex to account for sex-dependent concentration effects. Each panel in Figure 6 contains an asterisk to denote the concentration at which males (*M), females (*F), or both (*M/F) produced responses that were significantly different from the blank (Tukey's HSD, p Ͻ .05). By comparison with Figure 2 , EAG-based estimation yielded a detection threshold one order of magnitude lower for ZHP and OCT (Figures 6A and 6B vs. Figures 2A and 2B) for both males and females; LOL and MES produced the same detection thresholds . The x-axis is time (in seconds) and the inset gray bar indicates the stimulus duration; the y-axis indicates EAG deflection in millivolts. The maximum EAG deflection occurs at the same approximate time (arrows). Note that the initial downward deflection represents the maximum voltage deflection in any trace (arrows for the blank). The EAG elicited by the blank (in blue) is surrounded by its standard error (in gray). ZHP ϭ cis-3-hexenyl propionate; OCT ϭ 2-octanone; HEX ϭ 2-hexanone; LOL ϭ linalool; MES ϭ methyl salicylate; NER ϭ cis-nerolidol. ( Figures 6D and 6E vs. Figures 2D and 2E ). HEX and NER, by contrast, produced different EAG-based detection thresholds for males and females. In both cases, the female EAG-based detection threshold estimates were one or more orders of magnitude lower than those demonstrated behaviorally. By contrast, male EAG thresholds for HEX were three orders of magnitude above that observed in the behavioral measures but were the same for NER.
General Discussion
The overall goals of this study were to psychophysically and neurophysiologically quantify odor detection thresholds, to characterize the change in these measures as a function of increasing stimulus concentration, and to correlate factors that significantly influence one or more of these two sets of measures. Our results clearly indicate a high correspondence between behavioral and neurophysiological responses across the presented odorant and its concentration. In fact, these correlations remain high across more complex interactions between factors. These results strongly support the conclusion that the behavioral assay used herein provides an accurate psychophysical measure of sensory acuity. Our results furthermore suggest that detection, as defined by physiological measures of sensory input, tended to be more sensitive (i.e., one or more orders of magnitude below behavioral measures), though there were examples where this was not the case. These latter cases typically related to sex-specific discontinuities between our two measures.
In fact, discontinuities between the behavioral and neurophysiological measures were present only in the Sex ϫ Odor and Sex ϫ Odor ϫ Concentration interactions, as evidenced by relatively lower correlations for these factors. The effect of this drop in correlation is evident in Figure 5A as strongly different mean EAG responses to odors between males and females and in Figures 5B and 6 as strongly different rates of increase in EAG response between males and females as a function of concentration. For Note that in all but one case, ZHP, females were more responsive to odor than were males (A). Furthermore, the rate of increase in deflection as a function of stimulus concentration was greater for females than for males (B). ZHP ϭ cis-3-hexenyl propionate; OCT ϭ 2-octanone; HEX ϭ 2-hexanone; LOL ϭ linalool; MES ϭ methyl salicylate; NER ϭ cis-nerolidol. comparative purposes, Figures 1B, 1C , and 2 break the behavioral results down by the respective significant interactions observed in the EAG data. By comparison, it is clear that these sex-dependent differences observed in the EAG responses are by and large not evident in the behavioral data and thus represent a mismatch between measures of sensory input and behavior, the latter of which is dependent on perceptual salience.
We find that these mismatches fall into two general categories. First were cases in which there was a relative sex-specific deficit in antennal sensitivity. For example, male EAG responses to HEX imply that males should not be able to detect HEX until the highest concentration presented. Nevertheless, males and females were, statistically speaking, equally able to perceive HEX at the second lowest concentration in the behavioral experiment, with males presenting only a slightly weaker (nonsignificantly so) concentration-response function. One possible explanation for the high EAG detection threshold is that the convergence of a very small antennal signal was sufficient to produce an output from the AL that was perceivable to the males. In this case, the EAG measure would be insufficient in sensitivity to establish a physiological measure of input.
Another possibility is that the excitatory spiking responses of ORNs responsive to HEX were masked by parallel inhibitory olfactory transduction pathways within other ORNs. This could reduce the spontaneous background spiking activity across the antennal nerve, yielding an overall decrease in spiking in spite of an otherwise excitatory response in at least a subset of ORNs. Although admittedly speculative, this is a testable hypothesis, and, furthermore, data from multiple species (Ache, Munger, & Zhainazarov, 1998; Boekhoff, Michel, Breer, & Ache, 1994; Kurahashi, Lowe, & Gold, 1994) suggest that such a pathway may in fact be common. Thus, although uncharacterized in the moth, we argue that if such a pathway were functional in moth olfactory receptor neurons, then the subsequent masking of excitatory EAG response would be consistent with these results as well as similar results found in other moth species (Honda, Omura, & Hayashi, 1998; Omura, Honda, & Hayashi, 1999 , 2000 .
A second type of mismatch is characterized by strong sexspecific EAG responses, even at low concentrations, to odorants that otherwise produced high detection thresholds in the behavioral assay. For example, the strong EAG responses to NER in female antennae suggest that females should be able to detect this odor at Concentrations range from 0 (blank) to 10 g/2 l. Inset regression lines are based on a third-order polynomial function to model increasing response probability as a function of concentration. Detection threshold is indicated by *M for males, *F for females, and *M/F for both. Note that for each odor there is a unique rate of increase as a function of concentration that was further dependent on the sex of the moth. Furthermore, there are two cases, HEX and NER, in which males and females have distinct detection thresholds. ZHP ϭ cis-3-hexenyl propionate; OCT ϭ 2-octanone; HEX ϭ 2-hexanone; LOL ϭ linalool; MES ϭ methyl salicylate; NER ϭ cis-nerolidol. the lower range of the concentration series. However, behavioral data suggest that females were unable to detect this odorant until the highest concentration in the dilution series. Males, in contrast, show little or no response to NER in either the EAG or the behavioral measures until the highest concentration. A possible explanation for this sex-specific pattern is that NER is preferentially detected by females and has an innate and sex-specific meaning that interferes with behavioral measures. Similar effects have been demonstrated for other odorants in this and related species (Daly, Chandra, et al., 2001; De Moraes, Mescher, & Tumlinson, 2001; Honda et al., 1998; Karaban & Baldwin, 1997; Kessler & Baldwin, 2001) . Further evidence comes from olfactory-learning experiments, which show that pheromonal odors are difficult to associate with a feeding behavior (Hartlieb, Anderson, & Hansson, 1999; Smith, 1993) . Thus, it appears that if an odorant normally elicits a reflexive response other than the target behavior of the conditioning paradigm, then the innate meaning is likely to interfere with the production of the nonreflexive target response.
We also expected that females should be preferentially more sensitive to LOL because LOL has previously been shown to be represented in one of two enlarged female-specific glomeruli in the moth's AL (Reisenman, Christensen, Francke, & Hildebrand, 2004; Reisenman, Christensen, & Hildebrand, 2005; Roche King, Christensen, & Hildebrand, 2000) . These studies have demonstrated that projection neurons (PNs) from this glomerulus respond highly preferentially to ϩ LOL at concentrations approximately the same as the lowest concentration used in this study but respond weakly to -LOL. Furthermore, PNs of this glomerulus also appear to have little or no response to other odorants, particularly at low concentrations. Thus, the expectation was that females, having this unique and enlarged glomerulus, should be more sensitive to LOL. Our EAG data did indeed suggest that female antennae were more sensitive to this odorant, particularly at moderate and high concentrations. At this point, however, little is known about the relative representation of individual sensory cells, hence, this sex difference could be based on a sex-specific differential representation of LOL-sensitive ORNs. Again, however, the behavioral data indicate that at the level of sensory perception, sex-related differences in EAG response do not predict the moth's ability to respond behaviorally within the range of concentrations used. It is possible that females could detect LOL at lower concentrations than what was used in this study and hence be able to elicit a conditioned behavioral response at concentrations below males. Alternatively, it is also possible that the magnitude of an individual PN's output does not strictly equate to sensitivity. That is, even small PN responses may be highly important, particularly when considering a temporal encoding model (Daly et al., 2004) . In addition, it may be the case that this glomerulus is not female specific per se. Rather, it may simply be a female-specific enlargement of a glomerulus common to both sexes; resolution of this issue ultimately requires sequencing of the moth's olfactory receptor gene family.
Finally, the strength of our conclusions must be tempered by the differences between experimental paradigms. Specifically, we had to modify the distance between the odorant delivery nozzle and the antenna for the EAG experiments and this could, in part, explain the lower thresholds for the EAG data. However, to the best of our knowledge, these changes primarily affected the consistency of the EAG response, that is, whether an EAG produced a deflection and how erratic it was over the course of the stimulus-driven response. The erratic nature of EAGs in our pilot data were clearly attributable to stronger turbulence on the exhaust stage that occurred in the absence of whole prepared moths.
In conclusion, there is clearly a strong predictive relationship between odor-driven EAG and conditioned behavioral responses. This relationship was consistently robust across all but one variable, the moth's sex. The observed sex-related differences in sensitivity to odorants were to be expected, as sensitivity to olfactory cues is well known to be sexually dimorphic in hawkmoths (Raguso & Light, 1998; Raguso, Light, & Pichersky, 1996) and to elicit innate dimorphic behavioral responses. What our findings establish is that there are clearly some cases in which moths are able to respond behaviorally to an odorant several orders of magnitude below the concentration that elicits an EAG response. In addition, it is also the case that olfactory stimuli that are innately meaningful, as with pheromones, for example, negatively impact psychophysical assays of olfactory acuity. After accounting for the differences in volatility, which clearly account for some of the differences between odors, the odor-specific effects were still significant, suggesting that odors such as NER may have innate meanings that disrupt our ability to condition moths to elicit a feeding response to it. That is, the volatility of NER is comparable with that of LOL. However, the responsiveness of the moths in behavioral assays to NER was subpar by comparison with most of the odorants we have used to date. Given that EAG data indicate females could detect this odor at an intermediate concentration, one might have expected they would have also responded behaviorally better than males; this was not the case, which leads to the conclusion that learning was disrupted.
Nevertheless, the combined use of EAG with matched behavioral assays demonstrated herein provides a far more accurate picture of a moth's olfactory acuity than either EAG or behavioral measures alone. Future studies should focus on the relative relationship between behavioral measures of detection thresholds and measures of discrimination thresholds. Although this article does not address all of the complexities of real-world stimuli, it is a significant step forward in understanding the relationship between quantified physical stimuli, the transduction of that stimuli at the antenna, and perception as measured by a conditioned (not innate) feeding response.
